The zoonotic disease tularemia is caused by the bacterium Francisella tularensis. This pathogen is considered as a category A select agent with potential to be misused in bioterrorism. Molecular typing based on DNA-sequence like canSNP-typing or MLVA has become the accepted standard for this organism. Due to the organism's highly clonal nature, the current typing methods have reached their limit of discrimination for classifying closely related subpopulations within the subspecies F. tularensis ssp. holarctica. We introduce a new geneby-gene approach, MLST + , based on whole genome data of 15 sequenced F. tularensis ssp. holarctica strains and apply this approach to investigate an epidemic of lethal tularemia among non-human primates in two animal facilities in Germany. Due to the high resolution of MLST + we are able to demonstrate that three independent clones of this highly infectious pathogen were responsible for these spatially and temporally restricted outbreaks.
Introduction
Rapid and cost-effective generation of whole-genome sequence (WGS) data for bacterial pathogens is currently revolutionizing our understanding of the taxonomy, phylogeny, genomic diversity and population dynamics of several clinically relevant microorganisms [1, 2] . Sequencebased DNA signatures are increasingly used for molecular typing and reliable classification of bacterial isolates or pathogen-related DNA samples extracted directly from clinical specimens [3, 4] . Nucleotide sequence-based typing methods provide unambiguous results which can be easily stored, distributed and compared between laboratories. New developments in sequencing technologies and namely "next-generation sequencing" approaches now allow for rapid and inexpensive sequencing of draft genomes of pathogenic bacteria of numerous genera [5] . Whole genome comparisons reveal a plethora of genetic polymorphisms which can be used for fast and accurate classification of disease isolates down to the single strain level. Reliable genotyping is a prerequisite for identifying the infectious agent and thus for diagnosing an infectious disease [i] , for outbreak investigations and describing natural transmission patterns [ii] , for phylogeographic studies delineating spatial and temporal distribution of bacterial pathogens [iii] , and for comprehensively analyzing population dynamics aimed at rapidly identifying new or emerging variants of the biological agent with altered virulence or resistance characteristics [iv] [1] .
Fulfilling these major tasks is especially important but also challenging for a highly infectious and genetically monomorphic pathogen like Francisella tularensis [reviewed by [6] ]. The Gram-negative bacterium is the causative agent of tularemia, a zoonotic disease widespread over the Northern Hemisphere. Its transmission is complex and involves numerous mammal hosts and arthropod vectors [7] . In humans the clinical picture varies from skin ulceration to severe pneumonia or septicemia with fatal outcome depending on the route of infection and subspecies causing the disease [8] . The low infectious dose of 10-50 CFU in aerosols combined with its potential lethality if untreated, were reasons for considering this organism in former bioweapon programs [9] . Thus, F. tularensis is listed as a category A select agent according to the Centers for Disease Control and Prevention [CDC] [10] .
A hierarchical approach for genotyping this bacterium comprises a two-step-procedure: determining canonical single nucleotide polymorphisms [canSNPs] and/or insertion and deletions [INDELS] and multi locus variable number of tandem repeats analysis [MLVA] aided in dissecting the phylogenetic relationship between and among existing subspecies. It also revealed the current evolution of F. tularensis, which is characterized by the ongoing global expansion of a highly competitive clone of F. tularensis ssp. holarctica [11] .
One alternative approach which has been successfully employed for cataloguing bacterial diversity in the WGS era is a MLST-like gene-by-gene approach built on de novo assembly of the sequenced bacterial genome followed by annotation and cumulative comparison of defined genetic elements [5] . This gene-by-gene [MLST + ] approach allows the scalable organization and adaption of the typing data according to clinical or scientific needs. While this effort has been shown to be successful in evaluating the epidemiology of Campylobacter, E. coli O104 or methicillin-resistant Staphylococcus aureus [MRSA] in public health surveillance or resolution of a meningococcal disease outbreak, such approaches remain to be established for species with a highly monomorphic or clonal population structure [4, 5, 12] . Unfortunately, traditional MLST does not provide sufficient discrimination power for resolving differences among single strains of monomorphic, low diversity, asexual pathogens such as F. tularensis, Yersinia pestis or Bacillus anthracis [13] . Determination of canSNPs status and assignment of strains to different phylogenetic branches were done according to [17] . For differentiation within subclades, MLVA was performed according to [18] , using an additional twelfth marker Ft-M26 [17] . Fragment length determination was performed on the capillary sequencer ABI Genetic Analyzer 3100 using GeneScan [Illumina] according to the manufacturer's instructions using 50 ng of DNA and adapters P7 and P5 with indices for multiplexing purposes. Size-estimation of the library was performed on a Caliper LabChip GX as described for Ion Torrent PGM-Sequencing. Library-concentration was determined with the Qubit dsDNA HS Assay Kit [Life Technologies]. The library was diluted to 2 nM in molecular biology grade water and a pool with an appropriate amount of other libraries was prepared. The estimated final coverage should be about 70fold for each pooled strain. The library pool was further diluted to the working concentration [10 pM] and spiked with PhiX-control as described in the user guide. The MiSeq run was performed with the MiSeq Reagent Kit [500-cycles PE, Illumina] following the standard protocol for Nextera libraries with 2x251 cycles and two times 8 additional cycles for the barcodes using the MiSeq Control Software v2.0.5. FASTQ files were created using the MiSeq Reporter Software [MRS] with default settings.
De novo assembly was performed from obtained FASTQ files using MIRA 3.9.9 [19] with default settings and one adjustment for PGM data assembly:-Assembly:mrpc = 10. Alignments were stored as ace-files for further analysis.
Confirmation of Differences within Genomic Clusters
Sanger sequencing was used to confirm differences within genomic clusters determined by Ion Torrent WGS. For targets of interest individual sequencing primers were designed according to routine protocols. . Default settings comprise the following filters for genes of the LVS reference genome that are excluded from the MLST+ scheme: a "minimum length filter" that discards all genes shorter than 50 bp; a "start codon filter" that discards all genes that contain no start codon at the beginning of the gene; a "stop codon filter" that discards all genes that contain no stop codon, more than one stop codon or if the stop codon is not at the end of the gene; a "homologous gene filter" that discards all genes with fragments that occur in multiple copies within a genome (with identity 90% and more >100bp overlap) and a "gene overlap filter" that discards the shorter gene from MLST+ scheme if the affected two genes overlap >4 bp. The remaining genes were then used in a pairwise comparison using BLAST version 2. All genes of the reference genome that were common in all query genomes with a sequence identity !90% and 100% overlap, and with the default parameter "stop codon percentage filter" turned on (this discards all genes that have internal stop codons in more than 20% of the query genomes) formed the final MLST+ scheme. Finally, assembled reads [ace-files] of all sequenced strains were imported and analysed by applying the default quality criteria [e.g. no frame shift allowed in genes] and with the software's auto-correction for homopolymer related insertion and deletion errors turned on. This correction takes into consideration the length of homopolymers, absolute read coverage, percentage of reads matching the reference sequence, and strand information. Allele assignment for the previously defined scheme genes was performed to those loci present in the analysed genome to obtain a strain specific allele profile. Moreover SeqSphere+ was used to conduct a core genome gene SNP analysis with default settings. For better comparability with the MLST+ allelic profiles the conservative approach, i.e. all targets with missing values in one of the strains compared were removed from the analysis, was chosen. With this approach nucleotides from positions responsible for allele differentiation were extracted from all investigated strains and aligned. Minimum spanning trees [MST] were drawn with SeqSphere+ from the allelic profiles and the core genome gene SNP analysis to visualize strain relationships. For calculation of the MLST + -MST a conservative approach was chosen: targets not present in one of the strains compared were omitted from further calculation. When comparing different strain-subsets this may lead to different total numbers of valid targets. Using software-package MEGA5 [20] cladograms for SNP-analysis and MLST + allelic profiles were calculated using a maximum parsimony-algorithm. The UPGMA-algorithm was employed for analysis of MLVA data. Bootstrap analysis was performed for both methods with 1000 iterations.
MLST + Based Analysis Pipeline

Results
Development of a MLST + Scheme
To allow standardized genome based genotyping of clinically lethal F. originating from Reipoltskirchen, located 260 km west of Sennickerode Core genome gene SNP comparison did not show any additional information for intra-cluster comparison, based on the fact, that only one nucleotide-position was responsible for assigning a new allele. However, a higher amount of differences could be observed between the 
Discussion
The identification of genetically closely related subpopulations of bacterial pathogens such as F. tularensis by modern genotyping methods offers the opportunity to study and describe the association between the genetic background of these subpopulations, phenotypic or ecological features like virulence, antibiotic resistance, geographic distribution or transmission patterns [6] . Several studies of Francisella genomics not only confirmed the current species and subspecies concept [22] , but additionally revealed the association of high mortality in humans with distinct subpopulations, e.g. type A1b [23] . Analyzing the evolution and phylogeographic distribution of predominant clones in diverse endemic regions on three continents, the putative global expansion of F. tularensis ssp. holarctica and its complex transmission history was described [11, 24] . With the introduction of WGS based canSNPs or canINDELS assays, distinct clusters of genotypes and phylogeographic patterns were identified in Scandinavia, Georgia, Switzerland, France and other Central and Western Europe countries [11, 21, [25] [26] [27] [28] . Despite the success of genetic studies in more diverse strain collections based on whole genome single nucleotide polymorphisms and analysis of repetitive elements [18] , only few studies have reported on the diversity of F. tularensis subpopulations or clades from acute tularemia outbreaks. Besides one previous study reporting the clonal identity of 12 holarctica isolates from an epizootic event in a Phoenix [USA] zoo in 2000 [29] , investigations of multiple isolates from geographically confined human outbreaks in Oulu, Finland and Ljusdal, Sweden revealed that each outbreak region was represented by just a few closely related genotypes [30] . A more comprehensive analysis using new high-resolution genotyping methods [canINDELS and MLVA] in the same endemic outbreak area and an additional emerging region in Sweden confirmed strong spatial associations between F. tularensis subpopulations and the putative areas of [28] , whereas in other spatially related outbreaks even different subspecies of F. tularensis have been implicated [31] . While the latter studies definitely increased our knowledge on the ecology of F. tularensis, they also disclose shortcomings of current bioinformatic and experimental procedures. WGS of one or only a few bacterial isolates were used to define a relatively small number of genetic markers, ranging from 11 to about 50 elements [SNPs, INDELS, VNTRs] which were then used to characterize up to several hundred strains [11, [25] [26] [27] [28] 32] . Besides the inherent problem of a limited genetic resolution associated with this approach, the selection of one "representative" strain for WGS as well as the arbitrary choice of "canonical" markers may prone to bias in seldom cases caused by homoplasy or converging evolution. Additionally, the aforementioned procedure is difficult to standardize across different laboratories in diverse regions and impedes the introduction of a reliable nomenclature for identified subpopulations, clades or genotypes [6] . In view of these difficulties we decided to sequence all outbreak isolates involved in our studies and one additional reference strain [LVS] using the latest benchtop instruments [Ion Torrent PGM, Illumina MiSeq]. Sequencing of the reference strain F. tularensis ssp. holarctica LVS twice using different sequencing technologies led to identical results indicating that no technology bias was introduced. By defining a set of fully annotated genes present in each strain, thereby excluding repetitive elements as well as pseudogenes, we were able to compare approximately 60% of the genomes in a gene-by-gene approach [MLST + ]. When we compared the nucleotide sequences of 1069 genes, eight outbreak isolates from the same place of transmission were completely identical demonstrating not only the very high reproducibility of the sequencing procedure but also confirming the monomorphic structure of the F. tularensis genome with pairwise average nucleotide identities [ANI] >99.2% across even subspecies [33] . The application of MLST + revealed three different genotypes with different degrees of relatedness among all outbreak strains. Whereas all fatalities in the marmoset population [n = 6] as well as one isolate from a rodent trapped on the area of one facility were caused by a unique genotype belonging to the phylogenetic group B.FTNF002 [11] , two distinct genotypes were shown to be responsible for the protracted outbreak in the German primate center in Goettingen. Interestingly, both of these distinct genotypes differed from the cluster found in Sennickerode. This excludes any transmission between both animal facilities and eliminates the possibility of a common source of infection [e.g. litter or feed]. These genotypes were also representatives of two completely major subclades, B.FTNF002 and B.FSC200, respectively.
Our MLST + -results matched well with those obtained through current standard methods canSNP or MLVA which also showed two and three different patterns. An epidemiologically unrelated isolate, which was hitherto indistinguishable from the cluster found in Sennickerode, and which had been isolated from a human case 260 km west of Sennickerode was also analyzed. In contrast to the hierarchical SNP and MLVA typing approach, MLST + was able to define a distinct genotype for this strain. This suggests that MLST + might be superior to the current standard method, even when the default settings were chosen to perform the bioinformatic analyses. This algorithm enables the immediate classification of a new isolate and comparison with strains in databases. We anticipate that in combination with web-based analysis methods, it would be possible to establish a highly standardized nomenclature for subpopulations, clusters or single strains based on MLST + . Whereas such MLST + -databases have already been developed for several bacteria including pathogens [5, 34] , this tool is lacking for F. tularensis. Access to a standardized, open source and curated Francisella database would greatly facilitate surveillance even for public health laboratories with limited technical resources because WGS may be performed by commercial services. Core genome gene SNP typing as a further analysis method did not show a higher resolution or a different conclusion for our investigated strain collection. For a more divergent subset of Francisella tularensis-strains, this may lead to different results, but in our case it shows, that even in spatially and temporary close area MLST + may lead to a discriminatory power comparable to core genome gene SNP-typing.
For clonal species like F. tularensis it might be additionally necessary to extent the genetic analysis beyond the core genome. Resolution of the WGS analysis might be increased by incorporating accessory genome genes [already supported in SeqSphere + ], repetitive elements [RNA coding sequences, insertion elements, VNTR, CRISPR], pseudogenes or genes of the Francisella pathogenicity islands. Inclusion of these elements might be mandatory for following micro-evolutionary events, which might have been missed in our current study. Unfortunately, the necessary information is not easily obtained from the raw sequence data provided by the current next-generation sequencing platforms. Because the size of some repetitive elements may exceed 2-3 kb, read lengths have to be increased and bioinformatic processing has to be improved to allow rapid in silico MLVA, MST or IS element typing which all have been shown to be very useful in genotyping of clonal bacterial populations [35] [36] [37] .
A promising technical solution has recently been described from a new sequencing platform, PacBio RS [Pacific Biosciences, Menlo Park, CA, USA]. The PacBio produces very long reads, with average length of 4-5 kb. Such long reads will probably span most repetitive sequence elements, thus facilitating assembly and dramatically reducing the number of contigs. Shortly, it might be possible to rapidly include the complete genome information into bacterial classification. Such an approach will be necessary to follow microevolution of F. tularensis during replication in the host or in distinct enzootic cycles between mammalian hosts and bloodfeeding vectors like ticks. Additionally, novel algorithms might also be needed to overcome the current limitation of resolution preventing the elucidation of the origin and temporal spread of the most recent F. tularensis clone which has emerged in France, Spain, Italy and Germany [11, 38] . (ZIP)
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